All animal procedures were performed after review and approval of the Pennsylvania State University Animal Care and Use Committee. Surgery Female Sprague-Dawley rats (277±4 g; n=16) were anesthetized (sodium pentobarbital; 60 mg kg-' i.p.) and tracheotomized. The right carotid artery was
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When arteries are excised, they collapse and shorten spontaneously, which can result in damage to the endothelium. To determine if an intact endothelial cell layer could be preserved in excised vessels, we isolated and cannulated rat carotid artery segments (in situ length, In,, 10-20 mm) at both ends while maintaining both transmural pressure (70 mm Hg) and Li, while maintaining either transmural pressure or L.., or after allowing vessel collapse and shortening (n=4 vessels per treatment). After each treatment, vessel segments were perfused with fixative and stained with AgNO3 to visualize endothelial cells. The amount of endothelial cell loss was quantified using stereological analysis of video microscopic images of the luminal surface. Results demonstrated that maintenance of both L, and transmural pressure minimized endothelial cell denudation (1.6+0.9%o); permitting the vessel to collapse and shorten resulted in the greatest loss of endothelial cells (59.4±13.2%); and maintenance of either pressure or Lhs resulted in intermediate endothelial cell loss (13-30%) . We conclude that the spontaneous collapse and shortening that normally accompany the excision of arterial segments result in substantial endothelial cell loss, which can be virtually eliminated with the maintenance of transmural pressure and vessel segment length. These T he endothelial cell (EC) monolayer functions as a permeability barrier, an antithrombotic surface, and an interactive layer between blood and vascular smooth muscle.1 Thus, EC integrity is fundamental to studies of vascular function. Isolated blood vessels are used for in vitro studies of vascular physiology, as well as clinically for coronary artery bypass surgery. Surgical isolation of blood vessels has been associated with EC damage or loss,2-1' which, in turn, may alter physiological responses of the vessel segment.
With EC loss, the oxygen uptake of a vessel segment decreases by 50%, accompanied by a large increase in the glycolytic rate.'0 There is also evidence that a damaged EC monolayer causes intimal thickening and increased EC permeability.3'4'9"1 Findings that EC damage or loss can alter metabolic function, vascular structure, and vascular permeability raise questions about the experimental and clinical use of vessels that have been excised without sufficient concern for the cellular integrity of the vessel wall.
Maintaining in situ length and transmural pressure of excised vessels has been reported to minimize damage to the EC monolayer.78 Fixation at physiological pressures was found to eliminate intimal surface projections5 and to facilitate assessment of the morphological integrity of ECs.6 Because excised arteries both deflate and shorten, our purpose was to determine the relative importance of vessel segment length (axial tension) and transmural pressure (wall stress) on EC integrity in isolated rat carotid arteries. exposed and irrigated continuously with physiological saline solution (PSS; 37°C, pH 7.4) composed of (mM) NaCI 128.4, KCl 4.7, CaCl2 2.0, MgSO4 1.17, EDTA 0.03, dextrose 5.0, pyruvic acid 2.0, and NaHCO3 20.0. All reagents were obtained from Sigma Chemical Co., St. Louis, Mo. The PSS was equilibrated with 5% C02-21% 02, balance N2. A 2-3-mm segment at each end of the vessel was carefully freed of adventitia under a stereo microscope (model DRC; magnification, x6.4; Carl Zeiss Inc., Thornwood, N.Y.). The remainder of the vessel (segment length, 10-20 mm) was left embedded in the surrounding tissue to stabilize the preparation (see "Experimental Protocols" for subsequent manipulations).
Vessel Cannulas
Cannulas were constructed from 21-gauge stainless steel hypodermic needles, which approximated the diameter of the vessel lumen. Points were ground off the needles and burrs removed from luminal and abluminal surfaces. The needles were bent to fit into the surgical cavity with minimal distortion of, or injury to, the vessel during cannulation. The cannulas were secured in a custom-made "vessel stabilizer" that enabled precise axial movement of the cannulas and control of vessel segment length throughout each experiment. Cannulas were filled with heparinized PSS (200 units ml1) that had been degassed under vacuum.
Two reservoirs were constructed from 60-ml syringes. The perfusion reservoir was filled with PSS, adjusted to a height of 120 cm, and connected with a stopcock to the caudal cannula. A rostral cannula, which collected the effluent from the vessel, was connected similarly to a reservoir set at a height of 65 cm. This configuration maintained transmural pressure at 70 mm Hg and flow rate at 2.3 ml . min( measured by timed collection of the effluent solution). Transmural pressure was monitored with transducers (model CDX-III, Cobe Laboratories, Lakewood, Colo.) connected to both cannulas and coupled to a chart recorder (model 7 polygraph, Grass Instrument Co., Quincy, Mass.). The pressure drop was negligible between the respective sites. E,xperimental Protocols Protocol 1. Carotid artery segments were allowed to deflate and shorten on excision. The carotid artery was exposed and irrigated continuously with PSS, and the surrounding adventitia was removed. The rostral and caudal ends were ligated (4-0 silk, Ethicon) and in situ length (Li,; typically 10-20 mm) was measured between the sutures with an eyepiece reticle. The artery was severed at the rostral end, and the vessel was allowed to drain and collapse. A cannula was inserted into the opening and secured (4-0 silk). The vessel was excised and placed in a PSS bath maintained at 37°C. In vitro length was measured to quantify axial shortening (typically 30-40% was cannulated in the bath and placed in the perfusion/fixation loop (see "Histology"). Protocol 2. Vessel segments were excised while pressure and Lis were maintained. First, a square knot was tied around the rostral end of the vessel to stop flow. Next, a slipknot was tied 2-3 mm caudal to the square knot. A nick was made in the segment between these knots, and the cannula was advanced into the vessel up to the slipknot. A second square knot then was placed around the cannulated portion of the vessel to secure the cannula. The slipknot was loosened and, with the use of the vessel stabilizer, the cannula was advanced 1-2 mm beyond the slipknot and then was secured with a third square knot. Neither flow nor vessel deflation was permitted during the placement of the rostral cannula. The caudal cannulation proceeded as at the rostral end. However, just before the slipknot was loosened, PSS was introduced into the caudal cannula by opening the stopcock to the perfusion reservoir. This maintained transmural pressure and discouraged retrograde blood flow through the vessel. The vessel stabilizer secured the isolated segment at Li, After all sutures were secured, the rostral cannula stopcock was opened, and the segment was perfused in the orthograde direction.
To minimize the possibility of smooth muscle contraction damaging ECs during excision,7 the PSS irrigation solution was replaced with papaverine in isotonic saline (3 mg ml-). Remaining adventitia was removed along the length of the vessel segment. Once the segment was free from the surrounding tissue, the papaverine solution was removed from the surgical cavity as the PSS irrigation was restored. Transmural inflation pressure was maintained at 70 mm Hg as a precaution against overdistension of the vessel during papaverine exposure and smooth muscle cell relaxation. Protocol 3. With transmural pressure maintained, the vessel stabilizer was used to shorten the vessel segment by the same amount (36%) as observed to occur spontaneously in protocol 1. The vessel then was reextended until the original external diameter was achieved using the vessel stabilizer; this occurred at a length that was 16% less than the original L, (p<0.01; paired t test). Protocol 4. With transmural pressure maintained, vessel segments were shortened as above and returned to Lis. This resulted in an external diameter that was 96% of that originally recorded (p=0.18).
Protocol 5. Segments were allowed to collapse while L,, was maintained. The carotid artery was exposed and sutures positioned as in protocol 2. Caudal and rostral ends were ligated. The carotid artery was nicked at the rostral end, which collapsed the vessel without affecting Ls. Cannulas were inserted as in protocol 2, and pressure and flow were reintroduced to the vessel.
Histology
The vessel segment was removed from the surgical of L,; mean, 36%). The free end of the vessel then cavity and placed in a PSS bath while pressum, length, and flow were maintained. The vessel then was transferred to a perfusion/fixation loop while transmural pressure was maintained. The reservoirs supplying the perfusion/fixation loop were adjusted to a height that generated 100 mm Hg transmural pressure; mean flow was 10 ml* min-l. All vessels were perfused with PSS for 5 minute; this washed away any remaining blood in the vessels and cannulas. A fixative solution (pH 7.0, 37°C) composed of glutaraldehyde (2%), formaldehyde (4%), NaH2PO4 (84.06 mM), and NaOH (0.108 mM) was perfused through the vessels for 20 minutes. To visualize ECs, a 0.25% solution of AgNO3 was perfused through each vessel (5 ml * min-1) for 1 minute. Vessels were flushed with fixative (10 minutes) and PSS (5 minutes) after staining. Vessels then were removed from the cannulas, opened longitudinally with microdissection scissors, and secured as a flat sheet (luminal surface up) on a glass slide with cyanoacrylate adhesive.
In situ controls. Two carotid arteries were perfusion fixed and stained in situ at arterial pressure without prior surgical isolation or vessel deflation, then excised and prepared on a glass slide as above.
Endothelial cell denudation. The amount of EC denudation was quantified in the midregion of each slide preparation. This site was chosen because it was farthest from any part of the vessel that could be potentially damaged by the cannulas or microdissection. The preparation was placed on the stage of a microscope (model 20 T, Carl Zeiss), viewed with a x 10 objective (numerical aperture, 0.25), and imaged in black and white with a video camera (model WV-CD51, Panasonic, Tokyo, Japan) coupled to a video monitor (model PVM-122, Sony, Tokyo, Japan). Final magnification on the monitor face was x 280. The area imaged was 4.8x 105 gm2, which contained approximately 2.4x 103 ECs. A video graphic printer (model UP 811, Sony) was used to obtain a hard copy of each video image.
A 16x 12-line grid prepared under identical magnification from a stage micrometer (100x0.01=1 mm, Graticules Ltd., Tonbridge Kent, UK) was placed over the video monitor. The presence or absence of ECs was determined at each point of intersection on the grid. Percent EC denudation was calculated as [(No. of points without ECs)/(total No. of points)] x 100.
Statistical Analysis
Data were analyzed using a one-way analysis of variance. Post hoc comparisons of means were obtained by constructing linear contrasts of the least-squares means. Results were considered significant at p<0.05.
Results
The analysis of variance revealed a highly significant difference between the means for EC denudation in excised vessels (p=0.0002; Figure 1 ). Results obtained from post hoc analyses confirmed that protocol 1 (vessels that were allowed to shorten and deflate) had significantly greater EC loss than all other protocols. When both transmural pressure and 1, were maintained (protocol 2), EC loss was less than 2%. This compares favorably with the in situ controls, in which there was no discernible EC loss.
Vessel collapse while 1, was maintained (protocol 5) resulted in significantly greater EC loss than protocols 2 or 3, in which transmural pressure was maintained and vessel length manipulated.
Each protocol had a characteristic effect on ECs. Protocol 1 (Figure 2A ) had the largest areas of EC loss (dark areas). Protocol 2, in which transmural pressure and axial tension were maintained, had an intact, regularly aligned pattern of ECs ( Figure 2B ). When transmural pressure was maintained but vessels were shortened and reextended to the original external diameter (protocol 3; Figure 2C ), the EC orientation appeared wavy. When transmural pressure was maintained and the vessel was shortened and reextended to Ls (protocol 4; Figure 2D , ECs were oriented along the vessel axis, but there were small, axial separations in the monolayer. In protocol 5 (Figure 2E ), when the vessel was deflated while L,, was maintained, there were lines of denudation that ran along the vessel axis.
Discussion
Our findings demonstrate that preserving L,, and transmural pressure in excised arterial segnents resulted in minimal (<2%) EC loss. In contrast, permitting the vessel either to collapse and shorten, to shorten while transmural pressure was maintained, or to deflate while axial tension was maintained resulted in greater (and more variable) EC loss.
Structural components of blood vessels are not equally elastic.12,13 In the present experiments, if the vessel was distorted during surgery, it could not be returned to its original dimensions without damage to the EC monolayer (Figures 1 and 2) . This most likely is attributable to the inhomogeneous, anisotropic composition and orientation of the cellular and extracellular components of the vessel wall.'2"13 Blood vessels in vivo are tethered to the surrounding tissue and are subjected to a considerable axial tension at all times; in addition, arteries are naturally in a state of radial distension. 13 Thus, our present observations of significant EC loss with either short- Li, Note the narrow, axially oriented pattem of denudation. Panel E: Protocol 5: Vessel was allowed to collapse while Lis was maintained. Note EC denudation seems to follow an axial pattem compared with protocol 1. ening or deflation, and even greater EC loss with both perturbations, argue strongly for the maintenance of the extension and inflation of excised arterial segments to preserve EC integrity.
EC loss as observed here appears to be due to the mechanical effects associated with vessel collapse. Folding of the vascular wall with deflation may place considerable strain on stress filaments that surround EC borders14 as well as the junctions between ECs and smooth muscle cells.15"16 In re-gions of high wall curvature, lifting, severe deformation, and detachment of ECs can occur.2,7 This is consistent with the pattern of denudation seen with vessel deflation in the present study (Figures 2A  and 2E ). Extensive lamellar folding and undulations in the internal elastic lamella were observed in arteries fixed after excision and collapse5,6; these effects were virtually eliminated by fixation at physiological pressures.
Relatively small quantities of ECs were lost in artery segments shortened and returned to the original external diameter (at 84% of Li,; protocol 3), though the wavy pattern observed for the EC monolayer ( Figure 2C ) suggests buckling of the vessel wall in the axial direction at lengths less than I,. Greater EC loss was encountered in vessels that were shortened and reextended to ]L, (protocol 4; Figure 2D ).
Thus, it appears that reextension beyond a critical point causes separation of the EC monolayer along the vessel axis.
Vessel distension and stretching during bypass surgery have been shown to cause EC damage and subsequent thickening of the intima.3,4,9,11 These structural changes increase vascular permeability and enhance the possibility of thrombosis and atherosclerosis.',2,1 Intimal damage also has been observed when the vessel collapsed during excision.2,11 Thus, either damage to or loss of ECs can contribute to the formation of atherosclerotic lesions and thereby promote reocclusion of bypass grafts. From the present results, it is apparent that maintenance of Lis and transmural pressure in excised vessels would promote the success of vessel transplants.
The ECs in microvessels do not appear as susceptible to the effects studied here on carotid arteries. Arteriolar ECs are not lost with deflation or smooth muscle cell contraction17 and appear to require more vigorous efforts for their removal. This difference between arteries and arterioles is likely attributable to regional differences in the intercellular junctions between the ECs and between ECs and smooth muscle cells.15,16 Therefore, the need for the maintenance of transmural pressure and vessel length as performed here with arteries apparently does not apply to preserving ECs in isolated microvessels.
From our studies, it would seem logical to conclude that significant EC loss occurs in isolated arterial segments wherein transmural pressure and axial tension are not maintained during excision. Nevertheless, investigators still obtain EC-dependent responses to experimental manipulations. [18] [19] [20] This raises the question of what percentage of ECs must remain on a vessel for an EC-mediated response to be preserved. However, the critical level of EC denudation above which EC-dependent responses are lost has not been determined.
In summary, large amounts of EC loss occurred when we followed the common practice of excising an artery without regard for changes in wall stress or axial tension. Minimal EC loss occurred when care was taken to maintain these two forces, which normally are present in vivo. Protocols that altered either transmural pressure or vessel length resulted in intermediate amounts of EC loss; the present data suggest that the more critical factor is transmural pressure. Our findings indicate that the study of intact endothelium and its physiological properties in isolated vessel segments requires that care be taken to preserve the forces normally acting on the vessel wall. Such precautions also may enhance the success of vascular bypass grafts.
